Characterizing animal space use is critical to understand ecological relationships. Despite 22 many decades of using radio-telemetry to track animals and make spatial inference, there are 23 few statistical options to handle these unique data and no synthetic framework for modeling 24 animal location uncertainty and accounting for it in ecological models. We describe a novel 25 azimuthal telemetry model (ATM) to account for azimuthal uncertainty with covariates and 26 propagate location uncertainty into ecological models. We evaluate the ATM with commonly 27 used estimators in several study design scenarios using simulation. We also provide illustra- 28 tive empirical examples, demonstrating the impact of ignoring location uncertainty within 29 home range and resource selection analyses. We found the ATM to have good performance 30 and the only model that has appropriate measures of coverage. Ignoring animal location un-31 certainty when estimating resource selection or home ranges can have pernicious effects on 32 ecological inference. We demonstrate that home range estimates can be overly confident and 33 conservative when ignoring location uncertainty and resource selection coefficients can lead 34 to incorrect inference and over confidence in the magnitude of selection. Our findings and 35 model development have important implications for interpreting historical analyses using 36 this type of data and the future design of radio-telemetry studies. 37 Introduction 38 Understanding animal space-use and its implications for population and community dynam-39 ics is a central component of ecology and conservation biology. The need to understand 40 animal spatial relationships has led to the increasing refinement and utility of telemetry de-41 vices (Millspaugh et al. 2001). Traditional telemetry data were solely collected using VHF 42 ("very high frequency") radio signals to track individual animals with radio tags; VHF radio-43 telemetry started around the mid-1960s and is still often employed. These data are collected 44 by observers recording azimuths in the direction of the radio signal from known locations.
and a trigonometric link function to relate the true animal location with the data, 126 Observation Process: θ lij ∼ von Mises(θ lij , κ lij ) Link Function:θ lij = tan −1 µ 2li − z 2lij µ 1li − z 1lij .
(1)
Uncertainty in the azimuthal data is controlled by the concentration parameter κ, in which 127 larger values indicate less uncertainty (Appendix S2: Fig. 1 ), which can be modeled via 128 covariates (e.g., observer effects; defined by the matrix w lij ) in a hierarchical structure that 129 accommodates unmodeled heterogeneity based on variance parameter σ 2 κ , as log(κ lij ) ∼ 130 N(w lij β, σ 2 κ ). Using this framework, we can include covariates that have been hypothesized 131 to effect azimuthal uncertainty, but have not been able to be explicitly modeled in previous 132 studies, such as distance effects between the animal and observer, or even terrain complexity.
133
To complete the Bayesian model formulation, we specify priors for our unknown 134 parameters. Commonly used priors are β ∼ N(µ β , Σ β ) and σ 2 κ ∼ IG(α σ , β σ ). maximum distance from each observer location to the animal location, using radius r. We 142 also define a diffuse prior density for each spatial location as the union of all circles of the 143 j th observer location with radius r where v are coordinates (x, y) in the spatial domain,
The precision of animal location estimates largely depends on the number of azimuths and Inhomogeneous point-process:
We fit the ATM-RSF model to each of a subset ( We assumed uniform spatial availability for an individual animal. To demonstrate 204 the differences in inference, we defined the spatial extent of the availability in two ways: 1) 205 using the convex hull of all locations (µ li ) and 2) defining a larger study area region. The road density is negatively selected at the study area region, but is slightly positively selected 215 at the home range ( Fig. 3a) . Additionally, elevation is positively selected at the study tions with the highest posterior density centered on the true location (with high uncertainty 252 in κ; Table 1) ; instead, the true location is often captured in the 95% posterior isopleth.
253
While we found that incorporating location uncertainty improves our inference about RSF 254 regression coefficients, compared to ignoring location uncertainty, further improvement can 255 be gained by decreasing our azimuthal uncertainty (κ) or increasing our certainty in animal 256 location by taking many more azimuths (Table 1) . Lastly, we found little difference among n times within a season, we can estimate their seasonal home range for the k th iteration of 267 MCMC using the 95% isopleth of the kernel function, Figure 4 
